An integrated experimental-theoretical approach for the solid-state NMR investigation of a series of hydrogen-storage materials is illustrated. Seven experimental room-temperature structures of Group I and II metal hydrides and borohydrides, namely NaH, LiH, NaBH 4 , MgH 2 , CaH 2 , Ca(BH 4 ) 2 and LiBH 4 , were computationally optimized. Periodic lattice calculations were performed by means of the plane-wave method, adopting the DFT Generalized Gradient Approximation (GGA) with the Perdew-Burke-Ernzerhof 
Introduction
Nowadays, the main approaches for internal combustion engine replacement are based on new lithium battery technology and fuel-cell technology, mainly developed around hydrogen-based systems. 1 In fact, hydrogen may be an efficient and non-polluting energy carrier, ideal for clean energy transport and storage. 2 However, the most challenging bottleneck for a widespread use of hydrogen is the development of safe and efficient storage systems, particularly for mobile applications. 3 Among methods for hydrogenstorage, 4 ,5 high-pressured gas or cryogenic liquid cannot fulfil safety and efficiency requirements. On the other hand, solid-state hydrogen storage holds great hopes to provide safe and efficient on-board hydrogen delivery. 6 An intensive research is recently taking place on light metal hydrides [7] [8] [9] [10] [11] in order to improve thermodynamic and kinetic properties of hydrogen sorption. 12 Multinuclear solid-state NMR (SSNMR) is a well established technique providing sophisticated qualitative and quantitative information at local level, such as electron shielding around atom nuclei, presence of different environments and molecular mobility. 13 First principle periodic calculations on condensed matter give a way to interpret and to predict the behaviour of new materials. The combination of these two techniques could give new insights in the field of hydrogen storage materials.
While the chemical shift calculations in solution or in the gas phase are currently considered somewhat routine, even for transition metal complexes (e.g. Refs. [14] [15] [16] [17] [18] ), ab initio calculations of NMR properties in the solid state are less developed. A first attempt to compute the magnetic shielding in molecules was performed by using localized atom-centred basis sets, based on the Molecular Orbital Theory. 19 This approach, however, has soon revealed to be quite limited in the description of solid systems and computationally highly demanding. A reduction of the computational cost for the calculations was obtained introducing the pseudopotential formalism. 20 This idea arose from the evidence that the core contribution to the magnetic shielding can be considered approximately as a constant, independently on chemical environments. 21 Nevertheless, calculation of NMR parameters critically depends on the details of the allelectron wavefunctions in the region close to the nucleus, where pseudo-wavefunctions take an unphysical smooth behaviour. For this reason, a significant improvement of the results has been achieved in 2001, when Pickard and Mauri 22 extended the Projector Augmented Wave (PAW) 23 approach to the ab initio determination of the NMR parameters, allowing the reconstruction of the all-electron wavefunctions in the core region. This approach was called Gauge-Including Projected Augmented-Wave (GIPAW) and it has been recently implemented for ultrasoft pseudopotential scheme. 24 First principle calculations on metal hydrides and borohydrides 25 for these compounds. So, this work is mainly focused on the computation of the NMR parameters by means of the GIPAW method in light metal hydrides and borohydrides, aiming to check the reliability of the approach for modelling of NMR spectra. The results will be of interest for the interpretation of experimental data based on unknown intermediates during hydrogen sorption reactions.
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Experimental and Computational Methods
All the measurements were performed using commercial samples. Compounds of 95% purity were purchased from Alfa-Aesar or Sigma-Aldrich and used as received. Ca(BH 4 ) 2 purchased from Sigma-Aldrich was a mixture of and β phases. For sake of comparison, pure -Ca(BH 4 ) 2 was also investigated. All samples were stored in a dry argon glove-box and loaded into NMR rotors while inside the glove-box. 65 is characterized by δ iso , the reduced anisotropy (δ = δ zz -δ iso ), the asymmetry parameter *η CSA = (δ yy -δ xx )/δ; (0 ≤ η ≤ +1)+ (with|δ zz -δ iso | ≥ |δ xx -δ iso | ≥ |δ yy -δ iso |) and the three Euler angles { , , }. Owing to the very small effects of the Euler angles on the spectra, they were not considered during the simulation.
Thus, five independent parameters were used to characterize a single site. The simulation of the β-Ca(BH 4 ) 2 was performed on the commercial Ca(BH 4 ) 2 (purchased from Sigma-Aldrich) spectrum by using the values obtained from the simulation of the α form fixed and optimizing only the β site.
Results and Discussion
Geometry optimizations
Calculated lattice parameters and volumes for selected metal hydrides and borohydrides are reported in Fm-3m (LiH and NaH) and F43m (NaBH 4 ) space groups. On the contrary, the unit cell of the α-structure of MgH 2 , as derived from a synchrotron-radiation-based X-ray diffraction study 33 , is tetragonal (rutile-type structure that crystallizes in the P4 2 /mnm space group) and contains two formula-units of MgH 2 , in which the hydrogen atoms are crystallographically equivalent. The variable-cell optimization of these crystal structures was performed using the generated PAW PP. The results obtained, shown in Table 1 The stable α-polymorph of CaH 2 55 (determined by neutron powder diffraction at 295 K) has an orthorhombic symmetry and crystallizes in the PbCl 2 -type structure (space group Pnma). The α-CaH 2 unit cell contains four formula-units, where the hydrogen atoms bonded to the same Ca atom are crystallographically not equivalent. They are located within pseudo-tetrahedral and square-pyramidal interstices (see Figure 1 ). As summarized in Table 1 , PAW PP describe quite well the ground-state structure of α-CaH 2 with respect to the experimental geometry, providing less than 1% error on predicting the lattice parameters and about 2% on cell volume. A similar minimum-energy structure can be achieved by using the QE PP. In addition, there is also a good agreement with the DFT calculations previously reported. 36 The reliability of the α-CaH 2 optimized structure can be further confirmed by looking at selected geometric details, belonging to the pseudo-tetrahedral and square-pyramid regions (see Table 2 ). 56 Therefore, we performed a full geometry optimization on α-Ca(BH 4 ) 2, by using a F2dd starting structure; a minimum-energy geometry that is very similar to that previously obtained by adopting the Fddd structure was achieved, with lattice parameters a= 8.748, b= 13.118 and c= 7.485 Å.
This structure also revealed to be in good agreement with other fully optimized geometries found in the literature. 37 In addition to the α-polymorph, we focused also on the crystal structure of β-Ca(BH 4 ) 2 , as the commercial calcium borohydride is actually a mixture of α and β phases (see also NMR data below). Two formula units of Ca(BH 4 ) 2 are contained within the tetragonal unit cell, for a total of 22 atoms.
Synchrothron powder diffraction analysis at 305 K suggested that this structure crystallizes in the P-4 space group. 56 However, more recently, the crystal structure of β-Ca(BH 4 ) 2 was refined by Noritake et al. from
synchrothron X-ray diffraction data at 433 K, arguing that it is better described by the P4 2 /m space group.
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Four and three structurally different hydrogen atoms were found within the unit cell of the two structures, respectively. Although the two starting geometries slightly differ from each other, the same minimumenergy structure was reached employing both the sets of PP. However, no differences between the commercial and pure α phase were observed in the experimental 1 H MAS spectra. Concerning α-Ca(BH 4 ) 2 , the results derived from GIPAW calculation (Table 3) A similar procedure was adopted for the calculation of the 6 Li, 23 Na and
11
B chemical shifts (see Table 3 ).
From a comparison of calculated values with 6 Li experimental results 49 on LiH and LiBH 4 , it turned out that accurate results can be obtained with Quantum-ESPRESSO, by using both our PAW PP and the GIPAW standard ones. However, while our PP tend to underestimate the 6 Li chemical shift of LiBH 4 of 0.3 ppm, the GIPAW standards provided a value which is higher than the experimental one of the same quantity. As for 11 B results, PAW PP allowed to obtain a substantial improvement in the description of the chemical shift values for the compounds under investigation. In particular, for 11 B shift value of LiBH 4 , an error of less than 2 ppm occurred by employing our PAW PP, whereas the isotropic chemical shift value calculated by using QE PP was about 4.3 ppm higher than the experimental one. A similar behaviour was achieved also about the prediction of the NMR parameters of Ca(BH 4 ) 2 , as it can be seen in the Table 3 . Moreover, our NMR computed results are able to reliably reproduce the 11 B experimental spectrum of commercial Ca(BH 4 ) 2 ; in fact, as observed from experiments (see Figure 2) , the GIPAW calculations confirmed that the 11 B signal derived from the β-phase is about 2 ppm more shielded than the signal corresponding to the α-phase.
Concerning the quadrupolar interaction, which is supposed to be a more accurate parameter for evaluating the quality of computational data, we observed in the 6 Li, 23 Na and (either α and β phases) (black spectra in Figure 4 ) which show an extensive pattern of spinning sidebands.
Simulation of the experimental spectra (red spectra in Figure 4 ) allowed to extract EFG tensor and quadrupolar coupling constant values together with the chemical shift tensor components, all reported in Table 4 . Also for these samples, the GIPAW data reliably reproduce those obtained from the experimental spectra being in the range of commonly reported error. Na SSNMR spectra of all the studied samples .
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